Mitral valves, including the papillary muscles, were harvested from freshly slaughtered sheep and implanted in 10 recipient growing sheep. A strip of ovine pericardium was used to reinforce the anulus and a patch of expanded polytetrafluoroethylene was used to cover the donor papillary muscle. In four valves the natural chordae tendineae at the anterior cusp were supported by two pairs of 5-0 expanded polytetrafluoroethylene sutures. At the beginning of the experiment two animals died early of valve incompetence. Another animal had to be put to death because of paraplegia after extracorporeal circulation and one died on postoperative day 41 of endocarditis. Six sheep were electively put to death, five after 153 -8 days and one after 43 days. At the time of follow-up, a complete hemodynamic study including echocardiography and stress testing was performed. Heart rate at rest was 91 -14 beats/min, left ventricular systolic pressure 96 -20 mm Hg, left ventricular end-diastolic pressure 11 -4--5 mm Hg, cardiac output 2.04 -0.40 L/min, and the mean transvalvular pressure gradient was 4.9 -2.8 mm Hg as measured by cardiac catheterization. Echocardiography showed excellent movement of all valve components. However, minor regurgitation was evident in one case. Gross morphologic characteristics showed good healing at the anulus and host papillary muscle; in one case there was a rupture of one small first-order chorda. On radiography no signs of calcification were evident. Light microscopy revealed minor to moderate collagen degeneration in all valve components. However, on electron microscopy the presence of numerous fibroblasts within the long-term implants indicated the biosynthesis of new collagen. In summary, allograft mitral valve replacement seems to be a promising procedure if the chordae tendineae are reinforced by expanded polytetrafluoroethylene sutures. (J THORAC CARDIOVASC SURG 1996;111:595-604) p reservation of the mitral valve should be preferred to avoid mitral valve replacement with mechanical or bioprosthetic valves. Left ventricular function improves if the continuity between the papillary muscle and leaflet is preserved in such operations. 1' 2 From the
Mitral valves, including the papillary muscles, were harvested from freshly slaughtered sheep and implanted in 10 recipient growing sheep. A strip of ovine pericardium was used to reinforce the anulus and a patch of expanded polytetrafluoroethylene was used to cover the donor papillary muscle. In four valves the natural chordae tendineae at the anterior cusp were supported by two pairs of 5-0 expanded polytetrafluoroethylene sutures. At the beginning of the experiment two animals died early of valve incompetence. Another animal had to be put to death because of paraplegia after extracorporeal circulation and one died on postoperative day 41 of endocarditis. Six sheep were electively put to death, five after 153 -8 days and one after 43 days. At the time of follow-up, a complete hemodynamic study including echocardiography and stress testing was performed. Heart rate at rest was 91 -14 beats/min, left ventricular systolic pressure 96 -20 mm Hg, left ventricular end-diastolic pressure 11 -4--5 mm Hg, cardiac output 2.04 -0.40 L/min, and the mean transvalvular pressure gradient was 4.9 -2.8 mm Hg as measured by cardiac catheterization. Echocardiography showed excellent movement of all valve components. However, minor regurgitation was evident in one case. Gross morphologic characteristics showed good healing at the anulus and host papillary muscle; in one case there was a rupture of one small first-order chorda. On radiography no signs of calcification were evident. Light microscopy revealed minor to moderate collagen degeneration in all valve components. However, on electron microscopy the presence of numerous fibroblasts within the long-term implants indicated the biosynthesis of new collagen. In summary, allograft mitral valve replacement seems to be a promising procedure if the chordae tendineae are reinforced by expanded polytetrafluoroethylene sutures. (J THORAC CARDIOVASC SURG 1996;111:595-604) p reservation of the mitral valve should be preferred to avoid mitral valve replacement with mechanical or bioprosthetic valves. Left ventricular function improves if the continuity between the papillary muscle and leaflet is preserved in such operations. 1' 2 However, in only 20% to 30% of patients undergoing mitral valve operations can a valve reconstruction be performed. As in aortic valve operations, cryopreserved allografts might be expected to be the ideal substitutes in mitral valve replacement. Because of the complexity of the mitral valve apparatus (anulus, leaflets, chordae tendineae, papillary muscles), replacement of the diseased valve with a mitral allograft has been attempted previously in only a few patients, and with limited long-term success. 3'4 Rupture of the chordae tendineae was the principal cause of mitral incompetence.
An experimental study was designed to evaluate the in vivo function and the long-term durability of a transplanted allograft mitral valve in a growing sheep model. For the purpose of reinforcing the natural chordae tendineae of the allograft, artificial chordae made from expanded polytetrafluoroethylene (ePTFE) su- ing the mitral anulus, the papillary muscles, and the chordae tendineae, were excised from the hearts of freshly slaughtered sheep weighing between 30 and 35 kg. A strip of untreated ovine pericardium from the same donor sheep was used to reinforce the natural valve anulus (Fig. 1) . A patch, 0.4 mm thick, consisting of ePTFE,* was used to cover the tips of the papillary nmscle of the donor graft. This patch was sutured to the truncated papillary muscles with a 5-0 ePTFE suture. In four implants the same suture was woven through the anterior leaflet and knotted at the annular site to reinforce the natural chordae tendineae. Operative technique. Implantation of the stentless allograft mitral valves was performed in 10 female growing sheep (Orne Biotechnologies Inc., New Hope, Pa.) with a mean body weight of 22 to 26 kg. The animals were anesthetized with pentobarbital 2 mg/kg, intubated, and then supported with a respirator; anesthesia was maintained by administration of an oxygen-nitrous oxide mixture and halothane. Heart rate was monitored by a standard electrocardiogram. The heart was exposed through a left thoracotomy in the fourth intercostal space. After systemic heparinization (1 mg/kg), eardiopulmonary bypass was established by cannulation of the left femoral artery for arterial perfusion and cannulation of the right atrial appendage for venous return. Mitral valve transplantation was performed with the heart beating; no cardioplegic solution was used. A left atriotomy was carried out and the native mitral valve was completely excised, including the tips of the papillary muscles. After sizing of the annular ring, the appropriate allograft implant was chosen. Two mattress sutures (4-0 polypropylene) armed with Teflon pledgets were placed at the site of the host's anterior and posterior papillary muscles and then returned through the ePTFE patch of the implant. Tying down these four sutures drew the mitral implant into place. The anulus was sewn with a continuous 5-0 polypropylene suture. Valve competence was tested by injecting saline solution into the left ventricle. Air was evacuated from the beating heart and the atriotomy was closed.
After removal of the perfusion cannulas, the heparin effect was reversed with protamine sulfate and the chest was closed. Morphine was given intramuscularly to relieve postoperative pain. For postoperative infectious prophylaxis, gentamicin (2 mg/kg per day) and cefamandole (75 mg/kg per day) were given intramuscularly for 10 days. Long-term follow-up. The sheep were frequently examined for signs of heart failure (breathing rate, ascites, heart murmur) and maintained at the animal institute until they were electively put to death. At that time the sheep were anesthetized as described earlier. A Swan-Ganz catheter (Baxter Healthcare Corp. Edwards Div., Santa Ana, Calif.) was introduced through the right jugular vein for measurement of central venous pressure, pulmonary artery pressure, pulmonary artery wedge pressure, and cardiac output. Aortic pressure was obtained by catheterization of the left carotid artery, and left ventricular pressure and left ventricular end-diastolic pressure were measured via a Mikro-Tip manometer (Millar Instruments Inc., Houston, Tex.) placed in the left ventricular cavity through the right carotid artery. Left atrial pressure was obtained by cannulation of a pulmonary vein. Measurements were taken at rest and after stress load with a continuous infusion of norepinephrine, 1/xg/kg per minute. The effective orifice area was calculated with a modified Gorlin formula. All parameters are given as means _+ standard deviation.
In addition, epicardial echochardiography and pulsed Doppler studies were performed (model 77020A, 2.5 MHz transducer, Hewlett-Packard Company, Andover, Mass.) before the final hemodynamic studies. Experiments were terminated by intravenous injection of potassium chloride. The hearts were dissected and macroscopically examined. Roentgenograms (mammography technique) of all specimens were taken at 26 keV/6.3 mA to determine calcific deposits.
Areas of interest of the specimen were fixed in 4% formaldehyde and processed for histologic examination with a light microscope. Samples were stained with hematoxylineosin and elastica-van Gieson stains. For electron examination with an microscope, small segments of the specimen were immediately fixed in 2.5% glutaraldehyde buffered with cacodylate 0.1 mol/L, pH 7.4, postfixed with 1% osmium tetroxide in the same buffer, then dehydrated in an alcohol series. Transmission electron microscopy was performed with a Zeiss 900 electron microscope (Zeiss, Jena, Germany). For scanning electron microscopy, the specimens were critical point dried with carbon dioxide, mounted, coated with gold-palladium, and observed with a Jeol T20 scanning electron microscope (Jeol, Peadbody, Mass.).
Results
All 10 animals survived the surgical procedure. At the beginning of the study two sheep died early on the second and ninth postoperative days, respectively, because of valve incompetence. The reason in the first case was surgically related (twisting of a papillary muscle). Rupture of a central chorda at the anterior leaflet was identified at autopsy in the second case; in addition, an atrial septal defect had been closed by direct suture at the time of allograft implantation in this sheep. One animal died of endocarditis 7 weeks after mitral valve implantation. Another sheep had paraplegia of the back legs after the surgical procedure. This animal was anesthetized and catheter and echocardiographic studies were performed, which showed no signs of mitral incompetence or stenosis. The animal was put to death and the mitral implant was found to be intact. The result was that six sheep were able to be put to death electively, five sheep after 158 _+ 8 days and one after only 43 days. The mean body weight at the time of death was 32. Echocardiography. Two-dimensional echocardiography of the left ventricular short axis showed full simultaneous opening of the anterior and posterior cusps throughout the cardiac cycle. The long-axis view revealed a correct anatomic valve position and good attachment of the subvalvular apparatus with chordae tendineae under continuous tension. Epicardial twodimensional echocardiography at the end of follow-up revealed competent valves with minor regurgitation only in one valve and unchanged marginal overlapping (Fig. 2, A and B) . Complete echocardiographic data have been published recently. 9
Gross morphologic features (Table I ). All mitral allografts showed good healing of the anulus and of the papillary muscle (Figs. 3 and 4) . The leaflets and the natural chordae were pliable without signs of calcification. However, in one specimen a first-order chorda (free-edge chorda) was thinned and in another case a first-order chorda had ruptured at the anterior leaflet. The last valve was the one that showed minor regurgitation (grade I) on echocardiography. Neither valve was chordally supported. No chordal ruptures occurred at the papillary muscles. In the four valves in which artificial ePTFE chordae were added, all natural chordae were intact. In three of these valves the ePTFE chordae were covered by a thin smooth tissue; in the fourth valve, however, the artificial chordae were thinned and lacked flexibility at the papillary muscle site, and one single suture was ruptured. The ePTFE patches at the papillary muscle sites were all covered by fibrous tissue and had healed well to the host tissue. Radiographic examination of the explanted valves revealed no significant signs of calcification within the anulus, the leaflets, and the chordae tendineae (see Table I , Fig. 5 ). However, the artificial, ePTFE chordae were calcified in one case on x-ray examination. Table I . Good healing of the allograft both to the anulus and to the papillary muscle was found (Fig. 6) . A thin fibrous overgrowth was detected at the site of the anulus, the leaflets, and the natural chordae tendineae. The ePTFE patch was completely covered by fibrous tissue in all cases. Necrosis of the donor papillary muscle and replacement by scar tissue were evident (Fig. 6, B) . In two valves the atrial myocardium of the donor was fibrotic at the allograft anulus. A chronic inflammatory reaction (macrophages, granulocytes) was seen in two explanted valves within the leaflets at the site of annular attachment. This reaction was more evident within the papillary muscles. However, the chordae tendineae showed no signs of an inflammatory infiltration.
Transmission electron microscopy revealed collagenous structures ranging from well-organized fibrils to loose bundle formation to areas of complete lysis. Occasional electron dense, presumably calcareous, deposits were found to be attached to the collagen fibrils (Fig. 7) . Elastic fibers with broad peripheral zones of microfibrils have been observed frequently. Numerous active fibroblasts could be found within the leaflets and the chordae tendineae. These fibroblasts showed a well-developed rough endoplasmic reticulum, a euchromatin-rich nucleus, and numerous extensions. Several fibroblasts were surrounded by a fairly dense layer of collagen fibrils (Fig. 8) . A complete denudation of the cardial endothelium was detected by scanning electron microscopy. Both leaflets and chordae tendineae were covered by a regularly shaped layer of fibrous tissue. The ePTFE chordae were almost completely covered by fibrous tissue. Occasional fibroblasts could be detected.
Discussion
Experimental studies are the basis for significant new surgical methods before they are applied in patients. During this study, case reports on the use of homograft mitral valves in patients were published by other investigators. In 1993, Pomar and Mestres w reported on tricuspid valve replacement with a mitral homograft. Acar and associates 11 published the use of a cryopreserved homograft for mitral valve replacement in 1994. Despite the report on chordal rupture during the follow-up by Sievers and coworkers, 4 no "design" changes were suggested from these investigators. Partial replacement of the anterior mitral cusp with cryopreserved allografts was successfully performed in sheep by Revuelta's group. 12 A stentless and chordally supported bovine pericardial mitral prosthesis underwent successful experimental testing by Liao, Wuu, and FraterJ 3
In our experimental design we applied some significant modifications to the native allograft mitral valve to reinforce the anulus, the chordae tendineae, and the papillary muscles. In preliminary experiments, we used "nonmodified" mitral homografts in a series of sheep. Fig. 3 . Explanted mitral valve allograft 156 days after implantation. Good healing at the anulus and at the papillary muscle is evident. Cusps and chordae tendineae are pliable without signs of fibrosis. However, some chordae tendineae appear thinned (arrow). No artificial chordae had been used in this mitral implant.
Because of leaflet rupture at the annular side and tearing of chordae at the site of the papillary muscles, resulting in early death, we did modify the homograft valve. No late deaths occurred during follow-up as a result of failure of any of the components of the mitral apparatus comprising the allograft implant. Reinforcement of the mitral anulus with autologous pericardium had a purpose, because the mitral valve of sheep is rather fragile. Because the donor sheep were heavier (about 35 kg) than the recipient sheep (22 to 26 kg), we had to reduce the anulus of the donor mitral valve to an internal diameter of 23 mm and 25 mm to facilitate implantation into the recipient sheep. This allowed the appositional area of the mitral allograft implant to increase, allowing more flexibility in valve adjustment during the implant procedure. In some cases the donor papillary muscles had to be sewn along side the remaining recipient papillary muscles to avoid prolapse. Therefore the whole mitral implant was rotated 5 to 10 mm. The finding of thinned chordae tendineae among normally appearing chordae might indicate different areas of stress of implanted allografts. Early clinical results of the use of a stentless porcine mitral valve substitute introduced by Vrandecic and colleagues 14 in 1992 revealed chordal rupture as a major problem. Morea and associates 15 reported on three early valve failures from rupture of first-order chordae in a group of seven patients. The use of ePTFE suture as a substitute for chordae tendineae has been investigated experimentally s and recently advocated clinically in a 7-year follow-up of 106 patients by Zussa and coworkers, s In our study, however, in one case we found calcification of the ePTFE sutures. The preimplantation treatment and storage of the stentless allograft mitral implant in our study might have had a negative effect on the artificial material, which caused a rupture in one case. The histologic investigation could not clarify the mechanism of the rupture of the ePTFE chorda. Nevertheless, we are convinced that the use of ePTFE chordae is the most suitable approach for reinforcement and replacement of chordae tendineae at present.
Good healing in the recipient, partly the result of foreign-body reaction to the ePTFE patch, was found at the papillary muscle site. The vigorous fibrous overgrowth including the origin of the natural chordae tendineae was able to strengthen that "weak" site. As a result, no chordal rupture was detected at the site of the papillary muscles at follow-up.
The histologic changes in the explanted allografts showed a minor to moderate degree of collagen degeneration. However, all valves were still pliable without evidence of major calcification, although occasional small calcifications could be seen. Valve function was not impaired by these changes. The most significant finding of this experimental study was the appearance of active fibroblasts within the transplanted allograft tissue. These fibroblasts were observed more frequently near the tissue surface. Fig. 4 . Specimen explanted after 154 days. All valve components are well preserved and pliable. The artificial ePTFE suture chordae showed good healing to the anterior leaflet, and they were able to protect the natural chordae tendineae from thinning and from rupture. Arrow, ePTFE suture. These cells dearly originate from the host and invade the donor tissue. The packed, relatively thin collagen fibrils (immature fibrils?) surrounding many of these active fibroblasts suggest production of new collagen by host-mediated cells. In fact, this has always been the hope with homografts but, to our knowledge, has not yet been seen with homograft aortic valves. Turnover and resorption of collagen are essential for efficient wound healing and for the maintenance of structural integrity in load-bearing and pressure-bearing organ systemsJ 6 In some areas of the valvular tissue indications for the beginning of calcification were found (Fig.  7) . However, in the growing sheep model 5 to 6 months after implantation, we would expect rather more severe calcific changes as seen after implantation of bioprosthetic xenograftsJ 7 ' 18 When glycerol-treated autologous pericardium was used for chordal replacement in sheep, not only was (Elastica-van Gieson stain; original magnification ×20.) the implanted pericardium covered by host tissue, but also the host tissue was remodeled, apparently in response to functional requirements of the implantJ 9 In our experience, the growing sheep model seems most suitable for the investigation of new cardiac bioprostheses. Implantation periods of 5 to 6 months are sufficient for evaluation of valve behavior and for detection of long-term morphologic changes. Because we were not able to harvest sterile donor valves, antibiotic sterilization was necessary. The negative effects, especially of amphotericin B, on the endothelium of porcine aortic valves have previously been investigated by Feng and associates. 2° In our opinion, the sacrifice of an extra animal to receive a sterile allograft mitral valve was not justified for the purpose of this investigation. It can be suggested that the use of cryopreserved allografts should produce even better long-term results in an animal study. around it could be a form of immature collagen suggesting cellular activity. (Original magnification ×5600.)
